C. Thermal Subsystem
A thermal control system will be necessary to maintain livable temperatures inside the habitat modules. The main functions of this system are heat transport and rejection. Compared to most of the lunar surface, the South Pole region is relatively thermally stable. The chosen outpost location on Mons Malapert is sunlit about 88% of the time and is expected to be at a near-constant surface temperature on the order of -50 ± 10°C. 7 Also, regolith has low thermal conductivity on the order of 10 -4 W/cm-K. 8 making it an excellent insulator. The constantly low surface and subsurface temperatures mean that the regolith surrounding the modules can be used as a heat sink. For a module buried in regolith, the heat gains and losses from the external environment -sunlight and shade -are negligible compared to the internal heat generated from humans and equipment. Passive thermal control in the form of radiators, multilayer insulation (MLI), heaters and heat pipes will be used as the first means of heat rejection and transport. An active thermal control system will also be in place for times when the environment exceeds the capabilities of passive control. The active system uses fluid to collect heat and then transports it, via pumps, to a heat-rejecting mechanism such as a radiator. A design similar to the International Space Station's (ISS) Active Thermal Control System (ATCS) will be employed, with water as the working fluid inside the modules and ammonia being the fluid used externally. 9 Water will be used internally due to its non-toxicity and will then transfer heat to the ammonia via heat exchangers; the ammonia will then be carried to a radiator where the excess heat is removed. Pumps in the active thermal control system use significant power, so its use will be limited as much as possible -in fact, passive thermal control is expected to be sufficient during most outpost operations. A possible exception may be during times of high-power laboratory use. To maintain a module temperature of 21ºC, the expected mass and power for the passive thermal control system are 10 mT and 1.3 kW, and for the active control system, 10 mT and 50 kW. 10 
D. Power
Power will be generated with solar arrays and fuel cells. Solar arrays will be placed uphill of the outpost on the slope of Mons Malapert, since solar exposure tends to increase moving up in elevation. Using today's solar cell technology, 30% efficiency can be achieved with triple-junction GaAs cells 11 ; using the ISS solar array wings (SAW) as a reference point and assuming a mass/area ratio of 2 kg/m 2 including the array shielding and support structure, it is possible to estimate the solar array mass and surface area. Each ISS SAW has dimensions of 34x12 m 2 and is composed of 15% efficiency single-junction solar cells, generating up to 31 kW. 12 Using triple-junction cells on an array of this size will yield approximately twice the power, about 60 kW. Six arrays of this size will be launched over the lifetime of the outpost to give a total 360 kW of solar power generation. Each array is expected to have a lifetime of 15 years and most of the arrays will thus require replacement over the mission lifetime.
Secondary power from fuel cells and batteries will be used to power the outpost during nighttime periods, and will also be used on the rovers and excavators. Alkaline fuel cells similar to those flown on the Space Shuttle can provide 7 kW of continuous power. These fuel cells operate by recombining oxygen and hydrogen gas, and this gas must be delivered and stored in the outpost. Each fuel cell is compact -36x36x107 cm -and is 116 kg in empty mass. 13 The solar arrays are expected to be in shade for approximately 12% of the time, and in one Earth year this translates to about 40 Earth days of darkness. During this period, power consumption on the outpost will be minimized with most subsystems besides ECLSS put into a low-power state. The required power for ECLSS (in the fully-developed outpost) is estimated to be 150 kW, and this power requirement can be fulfilled by a set of 22 fuel cells. With a lifetime of 2,000 hours, each fuel cell will be functional for one year before needing replacement. 13 Batteries will provide additional power and energy storage, being charged by the solar arrays during daytime. Lithium ion batteries are becoming common in space applications due to their very high specific energy -120 Whr/kg and greater, as compared to 60 W-hr/kg from traditional NiH 2 spacecraft batteries.
14 Hence Li-ion batteries are preferred for their mass savings, especially for use onboard rovers and excavators. A 4000 kg block of batteries will provide 480 kW-hr of energy for the outpost.
E. Environmental Control and Life Support System

Atmosphere
The atmosphere composition inside the habitat modules was chosen using three main system drivers: (1) absolute pressure; (2) partial pressure of oxygen (ppO 2 ); and (3) partial pressure of nitrogen (ppN 2 ). The absolute pressure inside the habitat must be supported by the inflatable structure. Higher interior pressures increase the structural requirements of the habitat, while lower pressures may not support the weight of the protective regolith layer on the habitat structure.
The partial pressure of oxygen in the habitat's atmosphere should be normoxic (3.1 psia at sea level conditions) for the crews to breathe, while not exceeding 30% in order to minimize the flammability risk. 15 The main source of oxygen for the habitat will be via electrolysis of water produced by the Water Recovery System. This supply will include water mined from In-Situ Resource Utilization (ISRU) processes. The Oxygen Generation System (OGS) used onboard the ISS produce 5 to 20 pounds of oxygen per day, with an average of 12 pounds (~5.5 kg). To support a crew of 30, the ExO habitat will require over 30 kg of oxygen per day. The OGS will be scaled by a factor of 6 to satisfy this requirement. The product of electrolysis will be oxygen and hydrogen, which will be liquidized, stored and used for ascent vehicle propellant and fuel cells.
The partial pressure of nitrogen is an important parameter because it determines the pre-breathe time required prior to EVA activities. As deemed acceptable on Space Shuttle missions, if the ratio of ppN 2 to the absolute pressure of the EVA suits and rover (also called Haldane's ratio, or R-value) does not exceed 1.65, 16 no pre-breathe time is required. The absolute pressure of the EVA suits will be 4.3 psi, therefore, the partial pressure of nitrogen inside the habitat should be 7.1 psi. In order to maintain less than 30% oxygen, the absolute pressure inside the habitat must be less than 10.2 psi. Conveniently, at 10.2 psi, the partial pressure of oxygen will be 10.2 psi (absolute) -7.1 psi (ppN 2 ) = 3.1 psi, which is normoxic.
Carbon dioxide (CO 2 ), primarily produced during exhalation by astronauts, will be removed from the atmosphere using a redundant recycling and filtering system. The ExO habitat will use a full-scale carbon dioxide electrolysis process to recover oxygen from carbon dioxide, in order to reduce dependence on ISRU processes and resuplly. The basic reaction requires CO 2 and H 2 O and yields carbon monoxide (CO), atomic oxygen (O) and hydrogen (H 2 ). The CO can be reduced again to form a second stream of CO 2 that can be reprocessed through the electrolyzer and leave solid carbon deposits. The recovery of oxygen from CO 2 will yield a maximum of 0.74 kg O 2 per person from an average of 1 kg CO 2 exhaled by one crew member per day. Thus, additional water is needed for complete oxygen regeneration. The redundant CO 2 -removal system will be LiOH canisters similar to those used on the ISS. Although this technology is not regenerative (filters must be disposed) it will utilized during initial phases of the ExO mission, and in the event of a CO 2 electrolyzer system failure. 17 
Water
The ExO habitat will use a Water Recovery System that includes a Water Processor Assembly (WPA) and a Urine Processor Assembly (UPA) similar to those currently operating on the ISS. 18 The WPA is a proven flighttested system that is reliable for 95% efficiency rate for water recovery from waste streams including human waste, condensate humidity from the atmosphere. 18 The ultra-purified potable water will be used for drinking and food preparation, while hygiene water can be used for daily personal hygiene (oral care, shaving, etc.), laundry, and washing dishes. Potable water will be distributed to storage tanks in each of the modules ensuring that a malfunction in the distribution system does not immediately affect water availability. Depending on the criticality of the WRS failure, water-rationing in multiple phases will be used to limit water usage to drinking, food re-hydration, and minimal hygiene activities. The water buffer will be sized such that the ExO habitat can operate for 10 days (allowing time for launch and delivery of water resupply from Earth) in the event of a complete system failure.
The potable water consumable requirements are 2.75 kg per crew member per day. This includes 2 kg allocated for drinking water, and 0.75 kg for preparation of dehydrated food. 19 The expected daily hygiene water consumption values per crew member are 0.50 kg for urinal flush, 0.37 kg for oral hygiene, 4.08 kg for hand washing, 2.72 kg for bi-daily showers, 12.47 kg for laundry, and 5.44 kg for dish washing, for a total of 25.58 kg per crew member per NASA's Baseline Values and Assumptions Document. 19 
Food
Food can either be grown in space or transported from Earth. Initial analysis shows a bioregenerative food system is unfeasible at this time. Growing food in space to feed one astronaut for a year with suggested crop varieties from the Advanced Life Support System study will take at least 65 m 2 in area Appendix B shows the detailed calculation for the area). With an assumed average crop growing height of 1.03 m, the volume required for each crewmember is 67.2 m 3 . For 30 crewmembers, 2,017 m 3 needs to be allocated for crop growth. The volume of each ExO habitat module is 114 m 3 , thus an additional 17 modules would need to be used for food production. The total mass of the 30-person bioregenerative system is estimated to be about 200 metric tons. It would take 30 years before the bioregenerative system showed returns on the invested cost. Due to the initial sunk cost and unknowns of food growth in differing gravity environments, food will be re-supplied on a yearly basis until the mass and volume of a food production system can be reduced and its reliability and robustness verified.
Waste Management
For the first few decades of development, solid waste products will be stored on the moon in the lunar lander propellant tanks. They will first be irradiated by the sun's ultraviolet (UV) radiation and desiccated by the vacuum of space, and finally compacted to fill a small volume within the leftover propellant tanks. In one year, 30 crewmembers will produce over 1,200 kg of solid waste, as calculated in Appendix A. If compacted to the density of aluminum (2,700 kg/m 3 ), then it would require 0.45 m 3 volume of waste storage. Other waste items include food packaging, payload experiment waste, or other maintenance waste. The waste will be handled similar to the solid human waste products, but will not require as much processing before storage. An expected waste output is calculated from ISS waste production of 2.3 ft 3 /day (0.074 m 3 /day) for three crew members 20 and reduced by half in anticipation of current technology improvements in packaging. A one year stay for a 30-person crew would generate nearly 134 m 3 of waste. Assuming the density of the material is comparable to plastic at 900 kg/m 3 , it can be compacted to the density of aluminum, thus resulting in a total compacted volume of 45 m 3 . With each lander propellant tank estimated to be approximately 93 m 3 , this will be sufficient to store waste generated from lunar base operations on a continuous basis. Future recycling capabilities will eventually allow reuse of the waste materials.
F. Sorties -Surface Mobility and Extra-Vehicular Activities (EVA)
The ExO habitat will use two airlocks to facilitate resupply, local suited extra-vehicular activities (EVAs), and extended sorties in a pressurized rover. The airlock design is multi-functional, and acts as the primary defense against lunar dust contamination of the interior of the habitat. The solution is to use rear-entry EVA suit ports. For local EVAs, astronauts will don suits docked to the exterior of the habitat, through a rear-entry hatch. The suits will provide 100% oxygen at 4.3 psi, as this is the standard pressure used to maximize dexterity and mobility while minimizing risk for oxygen toxicity. The external docking will also minimize the volume of consumable losses during depressurization and repressurization of the airlock. As discussed in Section E-1, the 10.2 psi atmosphere with 7.1 psi ppN 2 will significantly reduce the pre-breathe time required for EVAs. The primary benefit is that astronauts will be able to participate in multiple short EVAs per day, as opposed to the typical 8-hour EVAs performed by astronauts in LEO.
For extended duration and long-distance sorties, the crew will use the Space Exploration Vehicle (SEV) rover currently being developed at Johnson Space Center. The SEV will dock directly to the airlock module, allowing transfer of crews without donning an EVA suit. This docking mechanism will also be used for transferring resupply cargo loads from the landing vehicle to the habitat.
The risk of acute and chronic health effects will be primarily mitigated by reducing astronauts' exposure to surfaces that have come in contact with lunar dust. The sharp jagged edges of lunar dust particles are expected to cause significant abrasive damage to boots, gloves, and seals on EVA suits, similar to those seen during Apollo missions. The ExO habitat will be prepared for regular maintenance of the EVA suits, which will be facilitated using a "telephone booth" maintenance airlock that is large enough to fit an EVA suit. This airlock will also be used to transfer a sick or injured astronaut who is unable to dock and doff the EVA suit.
IV.
Transportation Architecture The size and mass of any equipment launched will be restricted by Launch Vehicle (LV) capabilities. There are two major categories for payloads: crew and cargo/supplies. A number of different architectures such as L1 transfers, spiral transfers, and various Earth and lunar orbit rendezvous locations were considered. The crew will be transported quickly (4-6 days) to the outpost with a Hohmann-like transfer orbit while equipment and supplies will use low-energy trajectories that take several months. This reduces the cost of the life support systems and the risk of radiation exposure in transit.
A. Launching to the Moon
A Hohmann transfer trajectory from the Earth to the Moon is used for a short-duration transfer. After reaching lunar orbit, an inclination change is used to transfer into a polar orbit is used. Looking at the amount of delta-v required to perform the plane change, the minimum occurs along a parabolic orbit where the inclination change occurs at apoapse (Figure 3 ). In Low Lunar Orbit (LLO) a circular orbit requires 3.07 km/s to create a 90º plane change about the Moon. In Table 1 , the plane change occurs during the initial elliptic capture orbit about the Moon, and requires a delta-v of 2.3 km/s. This low-energy transfer begins in Low Earth Orbit (LEO) and includes a burn such that all satellites will not be required to perform an insertion burn to achieve orbit about the Moon. This trajectory will achieve capture about the Moon automatically. Because the trajectory is relatively far from large gravity fields, the approximation is made that there is no additional fuel consumption during the eclipticto-polar inclination change, significantly reducing delta-v costs, but increasing transfer time. 21 Three vehicles are considered for these transfers: the Space Launch System (SLS), the Atlas V, and the Falcon 9 Heavy. Though the SLS and Falcon 9 Heavy are not yet available, it is assumed that they will be ready for operations based on their intended timeline of 2016 and 2014, respectively. 22, 23 Schedule slips and additional costs are anticipated and have been incorporated into the project timeline. The mass the launch vehicle can bring to LLO or to the lunar surface depends on the transfer orbit used. Table 1 shows the capabilities for each LV for different orbit types.
Several types of lunar landing vehicles will be developed in order to deliver the payloads to the lunar surface. Much of the mass landed on the Moon will be from the lander itself (estimated here as ~15% of the mass to LLO). While a polar base is challenging for all launch vehicles considered, this study shows several encouraging numbers. With a low-energy transfer, the SLS can transport a habitat and supplies to the Moon in a single launch. This is because habitats have an estimated mass of 8,500 kg. The SLS may be capable of landing about 23,800 kg. The Falcon 9 Heavy will be capable of delivering over 10,000 kg of payload (a year's worth of consumables for six crew members). The Atlas V can launch communication satellites into polar LLO, which is the Atlas' primary function for this base. It may therefore take two launches of the SLS for every crewed mission to the Moon: one for the capsule, one for the lander/ascent vehicle. 
B. Earth Return
For return to Earth, two possible architectures are considered. First, a single vehicle lifts off from the surface of the Moon and returns the crew directly to Earth. Second, an ascent vehicle is used to leave the surface of the Moon and then rendezvous with a previously orbiting Orion capsule with a rocket stage. The capsule then returns the crew to Earth. This analysis assumes that the returning vehicles do not change their orbital polar plane to reduce fuel costs. Instead return launches are restricted to ensure that the right ascension of the orbital planes align such that they are at a 45 degree angle with respect to the vector pointing towards Earth. This ensures that the velocity vector of the spacecraft is pointed towards Earth once it escapes the Moon's gravity well, while costing a minimum of fuel. This takes roughly 2,418 m/s to return to Earth. Further, there are no burns performed at Earth, the capsule is assumed to enter directly into the atmosphere. Table 2 shows the comparison between the direct Earth return capabilities versus LLO rendezvous and return. An LLO rendezvous allows for significantly more mass to be transported to Earth, and hence is the chosen architecture. The analysis in Table 2 uses 5,000 kg as an initial mass launching from the lunar surface. V.
Build-Up Concept of Operations (ConOps)
A 35-year build-up timeline is proposed. This timeline helps to reduce launch and other programmatic costs while allowing ample time for design and construction for all necessary hardware. After the initial construction phases of the base, crew habitation operates on a cyclic timeline. Every other year, a twelve person maintenance and construction crew will inhabit the base. The other years, an increased crew size (18, 24, or 30) will inhabit the base to pursue scientific, commercial, and technology research avenues. This is done to reduce crew transportation costs and to provide good cadence of base maintenance versus research. 
A. Site Excavation, Grading, and Preparation for Habitat Modules
The first step of constructing the outpost is to send surveyor rovers to the general location of the outpost. In 2016, communications satellites will be launched into polar orbits about the Moon. In 2017, ten excavation rovers will land with lunar communications terminal (LCT) beacons 24 and carry a suite of surveying instruments to search for an optimal outpost location. The rovers will then begin excavation of the lunar regolith for the entire footprint of the final outpost configuration with some margin for future outpost expansion. The excavators will also dig out trenches wider than the width of the habitat modules such that each habitat can be positioned properly upon arrival. 25 The rovers are capable of excavating 10 times the rover mass per hour. Current lunar excavation rover mass estimates are 80 kg, which extrapolates to 800 kg of lunar regolith excavated per hour per rover. At peak operation, the maximum excavation capability will be 8000 kg of lunar regolith per hour.
The density of lunar regolith is approximately the same as aluminum (2,700 kg/m 3 ) thereby yielding a maximum volumetric excavation capability of 2.96 m 3 /hr. The total volume of regolith required to clear the footprint for the outpost prior to the first habitat module's arrival is 3,234 m 3 . In order to account for battery discharge and recharge, performance degradation, and regolith relocation, a duty cycle of 10% will be assumed for the rovers, which is used to derive the final effective excavation rate of 0.296 m 3 /hr. At this rate, it would take the rovers just over 455 days to completely excavate the outpost site. The 35-year build-up logistics plan has a four year window for the rovers to fully excavate the base location, providing nearly 3 years of margin time for this task. If the rovers complete the excavation as expected, the additional time will be spent on exploratory missions and general surface operations.
B. Communication Infrastructure
Communication between the outpost and Earth ground stations will be accomplished by satellite relay. Two satellites placed in a highly elliptic (100x3000 km) lunar polar orbit can provide a continuous link between Earth and the outpost. The satellites would be inserted into the orbit such that one satellite is at perigee when the other is at apogee. This configuration will also provide 20 minutes per orbit when both satellites are within range of the outpost and will give redundant communication capabilities.
On the surface, a number of lunar communication terminals (LCT) will be installed within line of sight of the outpost. During lunar sorties such as EVAs, the LCTs will relay signals between the outpost and rovers. The LCT itself is a NASA design and each terminal has a mass of about 500 kg and power draw of approximately 500 W.
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B. Habitat Module Delivery
The landing system of the habitats and rovers will likely use stages to reduce most of the hardware's orbital velocity. However, the last part of the deorbit maneuver will utilize varying sizes of the Sky Crane, such as the one utilized on Mars Science Laboratory. The advantage of using the Sky Crane is that payloads can be landed precisely and can be quickly deployed. Towing rovers will move all habitats into place where they can be inflated and equipment can be installed. The interfaces for power, water, and ventilation will be connected to each module. Between module deliveries, each habitat will be covered with a 20 cm thick layer of regolith using the excavator rovers.
C. Habitat Assembly Schedule
Once the outpost location has been prepared, the habitat modules will be delivered and assembled. Starting in 2022 a 120 kW power station (consisting of two solar arrays) and additional communications satellites will be launched. This will be closely followed in 2023 and 2024 by the first two habitats and towing rovers. The rovers will have the capability to maneuver the habitats from their landing sites to the base site. The first two habitats, Command and ECLSS, will make up the core of all equipment needed to support human habitation. During this time, a short duration crewed mission will land on the Moon to assemble the habitats. 2025 and 2026 will see four and six person crews, also with short duration missions to prepare the base for permanent habitation.
The six person crew will be the first crew to rely on the base's systems for life support and will remain for a sixmonth duration demonstrating the base's capabilities. By 2028, the base will be permanently manned by six person crews on six month rotations. By 2030, five habitats will be present (Command, ECLSS, crew habitat, common space/medical, and kitchen), and three rovers (one sortie, two towing rovers). At this point, a six person crew will stay for a full year on the base. In 2032, the first habitat dedicated to research will be launched and installed. In 2033, a permanent human population of 12 will be present on the Moon allowing for research and base maintenance to occur. By 2036, another lab, crew, and storage habitat will be added, along with an airlock. In 2036, an 18-person crew will be present, focusing more on research. A rotation of 12 to 18 crew members will occur for the next few years, focusing on either construction and renovation or research, respectively. By 2039, the last two habitats, the medical and last crew quarters, will be launched and installed. Crew rotations will cycle between 12 and 24 crew members depending upon the year. By 2046, crew sizes will vary between 12 and 30 people.
Throughout this time, consumables will be re-supplied using a Falcon 9 Heavy, which can carry enough consumables to support six people for a year. Communication satellites are expected to remain operational for 9 years and need to be replaced near the end of their lifecycle. Three 120 kW power station launches will be required. With consideration for solar panel degradation, one power station is required for the excavation rovers, and two power stations are needed to run the 30-person base. Finally, there will be two towing rovers (2024) and three sortie rovers (2026, 2033, and 2036) that can be used to transport people between the landing site and the base. These rovers will also be used for all forms of research conducted on the Moon.
As seen in Figure 5 , there is a cyclic, but increasing nature to the number of launches per year for the base. In total, to the year 2050, there will be 97 SLS launches, 65 Falcon 9 Heavy launches, and 16 Atlas V launches. 
D. Crew Transportation
Crews of four to six will be launched on NASA's Space Launch System (SLS) along with a lunar lander and the crew module. The schedule for these crewed launches, leading up to a 30-person crew is described in the following section. Crews will spend a maximum duration of one year living on the Moon in order to minimize radiation exposure, psychological adversity, and the total number of crew launches required. Crew stays will overlap to ensure that the lunar outpost is continually manned without a reduction in population size. At the end of their rotation, the crew will use their original crew module for the return trip to Earth.
E. Crew Consumables Resupply
The initial manned phases of ExO will rely on cargo launches to provide necessary materials and consumables. Early estimates of the crew accommodation and environmental control and life support system (ECLSS) supplies required for a single crew member will be 1,059 kg for a one year stay as calculated in Appendix A.
Extrapolating to a 30-person crew, the lunar outpost would require over 31,766 kg of consumables to be supplied for each year of operation. Later phases will reduce these cargo launch requirements by implementing ISRU to provide water and oxygen for the crew.
VI.
In Situ Resource Utilization (ISRU) Reduction of resupply mass is a strong driver for creating an ISRU component to be integrated with a permanent settlement on the Moon. In the beginning, the ECLSS system will be mostly open-loop and therefore will require constant resupply. After the initial outpost is constructed, the ECLSS can be upgraded with more sophisticated subsystems to close the loop on consumables as is currently done on the International Space Station (ISS). Additionally, ISRU will further reduce resupply by allowing production of consumables (O 2 and H 2 O) which can also be used as fuel for ascent vehicles and propellant depots.
ISRU for the lunar ExO outpost had three initial goals: 1) Generate enough oxygen and water from ISRU to offset consumables required by the lunar outpost crew 2) Increase the scale of ISRU to offset fuel for human & cargo launches 3) Increase the amount of ISRU to allow for export of fuel to Earth-Moon L1 and Low Earth Orbit (LEO) propellant depots.
After detailed analysis of an ISRU architecture was performed, it was determined that incorporating large scale ISRU with the initial iteration of the 30-person sustainable habitat was very cost prohibitive and was not ideal for the South Pole location of the ExO habitat on the Moon (detailed in section VII-D). The ExO habitat design therefore readjusted its ISRU plans to fit inside a more cost beneficial architecture. The ISRU production will follow two distinct phases: an initial test plant phase that will support the consumable needs of 12 crew members, and a secondary pilot plant phase that will support the consumable needs as well as the fuel consumption needs for the ascent vehicle for 30 crew members.
A. ISRU Processes
Several methods for producing oxygen and hydrogen from lunar regolith have been explored since the 1970s. The main three processes researched were illemnite reduction, glass reduction, and pyrolysis. Simple lunar ice extraction was also investigated as a means for extracting water from permanently shadowed craters.
Illmenite (FeTiO 3 ) reduction was first proposed by Williams et al. in 1979. 27 The compound makes up a large percentage of mare rocks and soils. The illmenite reduction process requires the use of hydrogen as a catalyst; however, a significant amount of the required hydrogen for this reaction can be extracted from lunar regolith by a heating process. The reduction process yields water as a by-product which can be electrolyzed into hydrogen and oxygen gas. Illmenite has simple mechanics and faster kinematics than reducing silicates and requires comparatively low temperatures (700 -1000°C). This process has been proven in terrestrial applications, but needs to be adapted to work in lunar conditions. The presence of triolite (FeS) in addition to illmenite in lunar soils can lead to the generation of hydrogen sulfide during the reaction, so either the triolite or hydrogen sulfide will have to be filtered from the feedstock or by-products respectively. The downsides to the illmenite reductions are that illmenite is most abundant in mare regolith, not highland or crater regions where the outpost is to be located and that a large amount of feedstock is required for the reaction.
The second process exmained is reduction of lunar FeO glass found in abundance in regolith. Glass is created as a result of heat produced from meteorite impacts and volcanic activity and can constitute up to half of the lunar soil in certain regions. While the kinematics of glass reduction are fast, the process is thermodynamically unstable so the process will have to be carefully monitored to ensure smooth operations. Glass reduction is an unproven process and the ideal operating temperatures and glass / hydrogen mixtures are unknown as reflected in Table 3 .
Vapor phase reduction by pyrolysis was also considered. Instead of targeting iron oxides, this process uses silicates to produce oxygen. No reactant is needed to produce oxygen, instead the feedstock is heated to very high temperatures (1800 -2000ºC) where the silicates vaporize and yield metallic slag and oxygen gas. Compared to the previous two methods, pyrolysis is much more efficient and has a much higher percentage yield of oxygen versus feedstock processed. Silicates are commonly found in highland or crater regions where the ExO outpost will be located. 28 For comparison, Table 3 summarizes the characteristics and plant properties of each the reactions. These reactions were mainly investigated with the goal of large scale ISRU production in mind. Further analysis on large scale production is presented in section C, however the results produced large, expensive plants. The consumable needs of the 30 person outpost were much less than the large scale production, so another ISRU technique was investigated to tailor to small scale production. The previous three reactions extract oxygen from lunar rocks and regolith. The ExO outpost will be located at the South Pole in close proximity to permanently shawdowed craters containing lunar water ice. A much simpler reaction which just required moderate heating of regolith was found to extract water ice from the regolith that required less beneficiation and lower processing temperatures (200K in vacuum).
29
B. Plant Sizing and ConOps for Mining
The current model for long-term space habitation is the International Space Station. The ISS uses a water recycling system that has a 95% closure loop on recycled waste water, atmosphere humidity, and urine, 18 and the recycle rate of the ExO base was set to 95%. The Advanced Life Support Baseline Values and Assumptions Document (BVAD) was used to determine that each crew member required 306.6 kg of oxygen 19 per year. The amount of water required for fuel for an ascent vehicle was determined to be 4,715 kg by the transportation analysis in section V.
Once the production needs for the lunar outpost were identified and the process for which the resources would be extracted was chosen, the ISRU plants could be sized. A number of papers and methods were examined to determine a viable method for properly estimating the mass of the ISRU plants. 30 Parametric comparisons were constructed using both mass estimation models in order to create realistic mass estimates for the production plants. The masses of the ISRU plants are listed in Table 4 . The test factory will be delivered to the outpost in the early 2020s and will be capable of supporting the water and oxygen consumption of 12 crew members. The pilot factory will be delivered in the 2030s and will be capable of supporting the water, oxygen, and ascent vehicle fuel requirements for 30 crew members.
Both the test plant and the pilot factory will be capable of self-transportation and gathering their own feedstock. These plants will be powered via radiosotrope thermal generators so that continuous operation in a permanently shadowed environment is possible. Assuming each vehicle can travel 1 cm/s, they will be able to travel 6 km in 13.88 days with 50% active operational time (this includes command time delays, obstacle avoidance, and other issues). This means it will take one month travel time (to and from the collection point in the crater) for each of the plants to return to the lunar outpost to deposit the ISRU products. The test and pilot factories were sized to produce an additional 2 months of ISRU products per year in order to meet the demands of the outpost to include the travel time of the plants to return to the outpost twice a year. The following figure shows a brief timeline for one of the ISRU plants: Figure 6 . ISRU timeline.
C. Large Scale Industrial ISRU
The production goal for large scale ISRU was driven by the requirement derived by Bienhoff (2011) to produce 2,588,000 kg of water to support two crew and cargo flights per year. 31 In order to support a 30-person base, 6,470,000 kg of water will be required per year. Using a hydrogen reduction reaction with 4% efficiency, this will require 161,750,000 kg of regolith to be processed each year. With a mean density of 2.5 kg/m 3 , a volume of 64,700,000 m 3 of regolith will need to be processed. If the ISRU plant gathered regolith to a depth of 1m, 64.7 km 2 of the lunar surface with need to gathered each year to meet this production goal. This presented an issue for the South Pole outpost location because the size of the permanently shadowed craters was each determined to be between 10 km and 20 km in diameter. At this production rate, each crater would be mined of its resources in fewer years than it would take to construct the outpost. Therefore, it was determined that the optimum location for the ISRU industrial plants was equatorial mare. Equatorial mare does not contain lunar water ice, so the ISRU products would be limited to production oxygen and limited amount of hydrogen (not water, as is assumed in Bienhoff's production requirement). The maximum size of industrial size plant was determined by the feasible amount of mass that could be landed by an SLS cargo descent vehicle. The optimal plant size was determined to be 18,755 kg and was estimated to be capable of producing 130,000 kg of O 2 per year based on the plant sizing equation determined in 32 At this production rate, it will take 47 industrial size plants to meet the yearly demand. Each industrial size plant would be required to scour 1.42 km 2 of feedstock regolith per year, which means that the plants would have to cover 3,905.5 m 2 of terrain per day. 3,905.5 m 2 is approximately 50m x 78m, which is about ¾ the size of a football field. Delivering 47 industrial size plants to the lunar size will require 47 SLS launches. Based on the estimated cost of each SLS launch and the associated cost of the industrial size plants using the JSC cost model, the cost for setting up an industrial size ISRU infrastructure on the Moon is $357,375M. This cost was determined to be too prohibitive to include in the initial iteration of the ExO outpost. Further analysis can be performed to determine the contribution of lunar resources to a reusable architecture in order to determine the long-term benefits on producing O 2 on the Moon.
VII.
Business Plan Initial cost estimates were performed for each of the three build-up scenarios (15 year, 25 year, and 35 year) using Johnson Space Center's Advanced Mission Cost parametric equation. 33 The model provides a rough order of magnitude estimate for the development and production of space systems. By adding estimated launch and operational costs using the build-up ConOps defined earlier, the initial cost estimates for each build up scenario were determined and can be seen in Figure 7 . Due to the high peak costs and steep grade between years associated with the 15 and 25 years build-up scenario, the 35 year scenario was chosen. There were still large yearly variations in the 35 year build-up cost profile that were undesirable. A number of actions were taken to smooth the cost profile and reduce the overall cost. Increased fidelity in the cost model was added to smooth the cost profile by incorporating the 'Time Spreading of Costs' technique described in Wiley and Larson's Space Mission Analysis and Design. 34 In addition to that, creative logistics were used to reduce the number of personnel at the lunar base during build-up in order to decrease the total number of launches to support the base. After the initial 20 year push to get the base established on the Moon, the lunar outpost would go through cycles of high occupancy (to perform science and research) and low occupancy (for maintenance and upgrades). These biannual oscillations of personnel enabled a savings of 28 SLS launches. The number of personnel and launches per year is shown in the graph below.
Launching of the SLS is one of the major drivers in the cost model. It is estimated to cost $1B per launch based on extrapolation from the Space Shuttle price tag of $450 M per launch. 35 Rather than incurring the cost on a perlaunch basis, each launch cost was spread across three years, where the first year covered 25% of the cost, the second year captures 50%, and the third year, the remaining 25%. With these cost spreading techniques, a smoother cost profile was generated (Figure 9) . A uniform cost model encourages stability within the program and provides confidence for future investors, thus better ensuring economic sustainability. ExO Project Team The total cost of the ExO system after 35 years is estimated to be $702B. No civilian space programs to date have been as expensive as the proposed lunar outpost, thus creative ways to cut costs or provide revenue will need to be used. Sharing the cost across contributions from a mix of international agencies, commercial companies, investors, and an international membership base will encourage commercialization of lunar activities. An initial estimate was made of the commercial opportunities on a fully functional lunar outpost which sum to almost $2B a year and are summarized in Table 5 . A breakdown of the revenue estimates can be found in Appendix D.
A majority of the funding will be supported by government space agencies, especially in the early years of the habitat development, but as researchers, commercial companies, and tourists begin to use the facilities, the cost contribution per year from each agency may be reduced. Once the 30-person base is established, the anticipated average operating costs is about $10B. Below is an optimistic breakdown of the yearly outpost cost by space agency and commercial contributions. By 2050, funding contribution from international space agencies should dip below 50%. There still remains considerable uncertainty in the viability of the suggested markets and whether investors would be willing to risk large sums of money on such a daring venture.
VIII. Education and Public Outreach
The number of students in this nation interested in pursuing science, technology, engineering, or math (STEM) degrees is in decline. 36 Often, lack of exposure to possible careers in science and engineering in the students' daily lives is cited as a major reason for the waning interest. 36 The ExO team organized and executed a major outreach event that coincided with the May 20th annular solar eclipse, to inspire and encourage students to pursue STEM careers.
On May 20 th , a solar eclipse viewing event was held at the University of Colorado Boulder's Folsom Field that setting a record for the largest eclipse viewing event with over 10,000 in attendance. 37 The majority of families in attendance brought children, who were excited with the outreach events that the ExO team sponsored because it added an extra element of fun for them during the eclipse event.
The ExO team built a model of a lunar outpost that was displayed in the concourse of Folsom Field on the day of the eclipse event. Within the habitat, there were exhibits and activities that taught students about the space environment, human spacecraft design, and major satellite programs. Several outdoor activities were set-up to demonstrate rocket propulsion, rover design, and lunar science.
Two of the graduate student members of ExO donned Apollo-era analog spacesuits and greeted the public as they entered the stadium. Figure 1110 shows a number of kids excited at the opportunity to take their picture with "astronauts", and the spacesuits were a hit with older students and adults alike.
One of the interactive activities was a "lunar rock" core-mining experiment. Participants were told to cut a small piece of candy in half to examine the different layers which included chocolate, caramel, peanuts, etc. The participants were instructed to determine what type of candy they had cut in half by comparing it to the cross sections of the Milky Way®, 3 Museteers®, Snickers®, and Twix® candy bars. During the activity, ExO facilitators explained the correlation between the layers in lunar rocks examined in lunar geology and the layers in the candy. Figure 12 shows children and adults alike excited to participate in this activity and learn about lunar geology (not to mention, eat candy!).
A second activity demonstrated the capability of lunar regolith to protect astronauts from radiation. Two play-ground digger toys were set-up face-to-face and participants were able to race each other to see who could bury a scale version of a lunar habitat in simulation lunar regolith (sand) first.
One of the most popular activities allowed kids to construct their own water bottle rockets. The ExO facilitators coordinating the event gave advice on how to design the fins and nose cone to achieve stable flight. This included tips such as slightly tilting the fins so that the rocket spun during flight in order to maintain gyroscopic stability. The kids had fun with the different color poster sheets, neon duct tape, and markers which allowed them to design the rockets however they liked. Figure 13 shows children building their very own unique water bottle rockets. After the kids had completed their rockets, they were able to go onto the football field, in front of thousands of cheering spectators, and launch them with the assistance of ExO facilitators. The kids were even able to pull the ignition cord after loudly shouting their countdown. The launching activity became very competitive as many of the kids challenged their siblings and friends to see whose rocket flew the farthest.
The centerpiece of the outreach activity was an interactive simulation of a lunar habitat. The lunar habitat was fabricated to actual scale, in order to give the public a general sense of life inside a lunar habitat module, while highlighting key considerations.
The medical and biomedical countermeasure exhibit included a stationary exercise bike and resistance cords to show how astronauts might prevent bone and muscle loss on a long-duration mission. Kids were welcome to try the exercise equipment for themselves and read about the medical concerns for astronauts on a lunar base.
The simulated kitchen exhibit gave information on food, food storage, and food preparation in space. This section also featured a number of plants and information about bioregenerative life support systems and the psychological benefits of plants in space.
Another section simulated a bathroom in space and featured a sink, space toilet, and shower. This section had posters detailing the average water usage per person on Earth compared to in space and also the inputs and outputs into lunar ECLSS systems.
The final section had a fully enclosed roof and featured three different exhibits. There was a bed with personal storage containers which gave information on sleep cycles in space, circadian rhythms, psychology in space, and gave examples of small personal affects that astronauts might bring with them to the Moon (e.g. pictures of loved ones, electronic books, etc.). Another exhibit in this section detailed the different phases of the Moon and had an interactive Sun-Earth-Moon device that people could spin to see changes in the lunar cycle. The third display in this section described the types of scientific experiments that could be performed on the Moon. Three different scientific areas were described along with physical object displays that coincided with them. One display described the types of biological research that could be performed in a 1/6 g environment on different types of bacteria and organisms. Another display showcased how ISRU would be performed on the Moon and featured a diorama of the lunar surface with a Lego rover, an ISRU production plant, and lunar habitats. The third display discussed lunar geology and displayed sample rocks that were similar to rocks on the Moon. Figure 14 shows a number of kids and adults taking in the interactive lunar habitat exhibit. 
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